Abstract Postural control ensures stability during both static posture and locomotion by initiating corrective adjustments in body movement. This is particularly important when the conditions of the support surface change. We investigated the eVects of standing on a compliant foam surface using 12 normal subjects (mean age 26 years) in terms of: linear movements at the head, shoulder, hip and knee; EMG activity of the tibialis anterior and gastrocnemius muscles and torques towards the support surface. As subjects repeated the trials with eyes open or closed, we were also able to determine the eVects of vision on multisegmented body movements during standing upon diVerent support surface conditions. As expected, EMG activity, torque variance values and body movements at all measured positions increased signiWcantly when standing on foam compared with the Wrm surface. Linear knee and hip movements increased more, relative to shoulder and head movements while standing on foam. Vision stabilized the head and shoulder movements more than hip and knee movements while standing on foam support surface. Moreover, vision signiWcantly reduced the tibialis anterior EMG activity and torque variance during the trials involving foam. In conclusion, the foam support surface increased corrective muscle and torque activity, and changed the Wrm-surface multi-segmented body movement pattern. Vision improved the ability of postural control to handle compliant surface conditions. Several essential features of postural control have been found from recording movements from multiple points on the body, synchronized with recording torque and EMG.
Introduction
Assessments of quiet stance on a Wrm surface are not always suYciently discriminative to distinguish healthy subjects from patients with various balance disorders (Johansson and Magnusson 1991) . A number of balance-perturbing tests have therefore been developed to challenge the postural control system so as to reveal possible balance deWcits. One of the simplest ways to impose more demand on the postural control system is to have the patient stand on a compliant foam surface which is believed to aVect the accuracy of somatosensory information from cutaneous mechanoreceptors on the soles of the feet (Wu and Chiang 1997) . The cutaneous mechanoreceptors on the soles of the feet serve to maintain postural stability by detecting displacement, velocity and acceleration of indentation of the skin as well as transient forces (Johansson and Vallbo 1980; Vedel and Roll 1982) . The importance of mechanoreceptive information for postural control has been conWrmed in several previous investigations (Kavounoudias et al. 1998; Stal et al. 2003) . The destabilizing eVects of standing on a foam surface have also been investigated previously in several studies (Blackburn et al. 2003; Jeka et al. 2004; Vrancken et al. 2005) . However, there are few kinematical studies of how this destabilizing eVect is expressed at key points of articulation between the major body segments (Gill et al. 2001; Allum et al. 2002; Blackburn et al. 2003; . Several of these studies have only investigated the trunk movements, disregarding the movements in the other body segments. To the best of our knowledge, no previous studies have been reported where the linear head, shoulder, hip, knee movements, torque activity towards the support surface and EMG activity in tibialis anterior and gastrocnemius muscles have been assessed simultaneously during Wrm and foam support surface conditions. Human postural control is an incessant process since our upright stance and body structure are inherently, biomechanically unstable. The control of postural stability can be described in terms of a homeostatic system that requires sensory input, an integration centre and eVectors that counteract the destabilization. AVerent information is obtained from visual, vestibular and somatosensory receptor systems and processed by the central nervous system to determine the current position and movement of the body, thereby allowing precise postural control responses (Nashner 1976; . The human body can be described biomechanically as made up of articulating body segments, where ability to generate corrective motions of each segment is determined by limitations of the movements imposed by muscles, joints and tendons (Carlsöö 1961; Johansson and Magnusson 1991; Williams 1995) . Postural muscles are located at numerous sites in the human body and include a number of muscles in the lower extremities such as the tibialis anterior, soleus and gastrocnemius muscles. These muscles play important roles in postural control as they oppose the destabilizing eVects of gravity (Loram et al. 2004) .
This study investigated the relative changes in movement at various articulation landmarks along the body, changes in torques induced towards the support surface and changes in EMG activity of the tibialis anterior and gastrocnemius, in subjects challenged by standing on a foam surface with eyes open or closed. The Wndings indicate that a number of postural strategies are employed to maintain stability that involves diVerential contributions by various body segments.
Materials and methods

Subjects
Twelve healthy consenting volunteers (Wve males and seven females; mean age 26 years, range 18-37 years; mean height 1.74 m, range 1.66-1.83 m; mean weight 70 kg, range 58-95 kg) performed a series of posturographic tests on a Wrm and foam surface. Subjects had no balance or musculoskeletal deWcits, were not taking medication and refrained from alcohol 24 h prior to testing. Experiments were performed in accordance to the Helsinki declaration of 1975.
Equipment
A force platform, recorded forces actuated at the feet with six degrees of freedom and an accuracy of 0.5 N. Data were sampled at 50 Hz.
An ultrasonic 3D-motion analysis system (Zebris™ CMS-HS measuring system) measured movement of markers placed at Wve anatomical landmarks: head (os zygomaticum), shoulder (tuberculum majus), hip (crista iliaca), knee (lateral epicondyle of femur), and ankle (lateral distal Wbula head) see Fig. 1 . The zebris system tracked the position of each of the Wve markers in three dimensions, i.e., its anteroposterior, lateral and vertical position with an accuracy of 0.4 mm. The same Zebris™ system simultaneously recorded the EMG activity in the tibialis anterior and gastrocnemius muscle in both legs using surface electrodes. A computer simultaneously sampled the marker position data at 50 Hz and EMG activity in the muscles at 1,500 Hz.
The recorded data from the force platform and 3D-motion analysis and EMG measurement systems were synchronized in time by oV-line time matching of the reference signal, which was simultaneously sampled by both measurement systems. Five Zebris™ markers were attached on the subject's right side which was turned towards the Zebris motion detector and EMG surface electrodes were placed over the tibialis anterior and gastrocnemius muscles of both legs. Subjects were instructed to stand upright and relaxed with arms crossed over the chest, feet at an angle of approximately 30° open to the front with heels about 3 cm apart. In some tests, a block of foam was placed upon the platform and subjects were instructed to position their feet while standing on the foam in the same manner as explained above. The foam block was 40 cm long, 36.5 cm wide and 10 cm in height, with a density of 32.6 kg/m 3 . The subjects focused on a target at eye level at a distance of 1.5 m, or closed their eyes when instructed. Subjects listened to music through headphones to reduce any distractions.
Data analysis
Stability while standing is commonly analyzed using force platforms and the movements of the center of pressure (CoP), i.e., the point of application of the ground reaction force. We analyzed the torque values, where CoP = torque/ (m £ g); m = the assessed subjects weight and g = gravitational constant 9.81. Therefore changes in recorded torque, forwards and backwards, are equivalent to changes in CoP.
The linear anteroposterior body movements were expressed in terms of movement variance at the head, shoulders, hip and knee divided into three spectral categories i.e. all recorded movements (denoted total); movements below 0.1 Hz (<0.1 Hz) and movements above 0.1 Hz (>0.1 Hz). This allowed us to distinguish between smooth corrective changes of posture (i.e. <0.1 Hz) and fast corrective movements to maintain balance (i.e. >0.1 Hz) (Kristinsdottir et al. 2001) . The frequency cut-oV level of 0.1 Hz was based upon previous studies showing that vision eVectively reduces the torque activity above 0.1 Hz towards the support surface when standing on a Wrm surface (Kristinsdottir et al. 2001; Stal et al. 2003) . The anteroposterior torque values derived from force platform recordings were also divided into the same three spectral categories before the variance values for each spectral category were calculated. Before statistical analysis, the values of the linear movement variance were normalized using the subject's squared height before the statistical analysis thus providing inter-individual compensation for individual variation in height (Fransson 2005) . Likewise, the torque variance values were normalized using the subject's squared height and squared weight, compensating for individual variation in height and weight. The squared nature of the variance algorithm requires normalization with squared parameters to achieve unit agreement. In each subject, the root mean square (RMS) EMG activity in the tibialis anterior and gastrocnemius muscles was normalized to that assessed while standing with eyes open on Wrm surface.
Furthermore, quotients describing the ratio between the movement amplitude when the support surface were changed from Wrm to foam as well as when the eyes were open or closed, were calculated for each Zebris marker position. The statistical evaluation of the quotients show whether the movements of individual body segments were equality prone to change because of changes in test conditions.
The recorded EMG data from the tibialis anterior and gastrocnemius muscles of both legs during the entire test were band-pass Wltered (20-200 Hz), and the RMS value for the Wltered EMG data was calculated. For each muscle, the average RMS EMG activity in both legs was thereafter calculated.
A Wfth-order digital Wnite duration impulse response Wlter (Proakis and Manolakis 1989) , with Wlter components selected to avoid aliasing, was used for spectral separation.
For each trial, all results were based on analysis of the entire 120 s test period.
Statistical analysis
For each of the three spectral categories, statistical analysis was performed on the variance of the anteroposterior linear head, shoulders, hip and knee movements, recorded by the Zebris system, as well as on the variance of the anteroposterior torque recorded by the force platform.
The Wilcoxon matched pairs signed-rank test (exact sig. 2-tailed) (Altman 1991 ) was used to statistically compare results between the test conditions and used in the evaluation of the quotients describing the proportional diVerences between the body movements during the assessed trial conditions. In addition, a general linear model (GLM) multivariate analysis of variance (ANOVA) statistical test on log-transformed values (Altman 1991 ) was used to determine whether vision or the type of support surface signiWcantly aVected results and whether there was a combined eVect from vision and the type of support surface on measured linear body movement, torque activity and EMG activity. The GLM model accuracy was evaluated by testing the model residual for normal distribution.
Normality of value distribution was tested with the Shapiro-Wilk test. Non-parametric statistics were used in the statistical evaluation since all obtained analysis values were not normally distributed and normal distribution could not be attained by logarithmic transformation. The statistical analysis was carried out with Bonferroni correction for multiple comparisons and in the analysis, P < 0.01 was considered statistical signiWcant (Altman 1991) . However, we present the P < 0.05 in the Wgures (in red) and tables for consistency.
Results
Linear body movements Figure 2 shows that the foam surface signiWcantly increased the amplitude of AP oscillations in all segments and in all spectral categories, i.e. total, body movements <0.1 Hz and body movements >0.1 Hz. With either eyes open or closed, the total movement variance was clearly larger while standing on a foam surface than when standing on a Wrm surface (P < 0.01). The proportional movement diVerences for each body position are presented in Table 2 . Interestingly, the foam support increased the movements of the lower body segments more than the movements of the higher body segments, both with eyes closed (knee P < 0.001; hip, shoulder and head, P < 0.01), and with eyes open (knee, Wrm surfaces are marked with asterisks, where *P < 0.05, **P < 0.01 and ***P < 0.001 hip, shoulder P < 0.001; head P < 0.01). For details, see Wrst section of Table 2 -foam/Wrm quotients for EC and EO.
The variance of body movements below 0.1 Hz in the various conditions varied in the same way as the total variance. Again, the foam support surface increased the movements of the lower body segments to a larger extent than the movements of the higher body segments, while standing with eyes closed (knee, hip P < 0.01; shoulder, head P < 0.05) or open (knee, hip P < 0.001; shoulder P < 0.01; head P < 0.05)(second section of Table 2 -foam/Wrm quotients).
Also the variance of body movements above 0.1 Hz was clearly larger on foam than on the Wrm surfaces in all body segments, with both eyes closed and eyes open (P < 0.001) (third section of table 2-foam/Wrm quotients).
Visual inXuence on linear head, shoulder, hip and knee movements
Visual information only signiWcantly inXuenced the body movements above 0.1 Hz (Fig. 2) . Vision clearly reduced the knee, hip, shoulder and head movements above 0.1 Hz while standing on the foam surface (P < 0.001). Vision also reduced the knee and head movements above 0.1 Hz while standing on the Wrm surface but these changes could only be determined at statistical level P < 0.05.
GLM multivariate ANOVA of body movements
The GLM analysis conWrms that the type of support surface, i.e., Wrm or foam, signiWcantly aVected body movement at all measured positions in all spectral categories (P = 0.001) (see Table 1 ). Recorded body movements at all measured sites were signiWcantly larger while standing on the foam surface compared with the Wrm surface. Also, the GLM analysis shows that vision only had a signiWcant eVect in reducing body movements above 0.1 Hz (P = 0.001) at all measured positions. It is also noteworthy that the statistical analysis did not show a combined eVect of vision and support surface condition. Table 2 shows the EC/EO quotient values for the diVerent body movements in the various test conditions, relative to the quotient values in the Wrm surface trials (the normal movement condition). The quotients show that vision reduced the body movements similarly at all body positions while standing on the Wrm surface. In the foam surface trials instead, the head movements were signiWcantly more reduced by vision than the total knee movements (P < 0.01). Additionally, the knee and hip movements above 0.1 Hz were reduced signiWcantly less by vision than the shoulder and head movements (P < 0.01). Hence, access to visual information while standing on a foam support stabilized the head and shoulder in space more eVectively than the other body parts.
Proportional body movements
The foam/Wrm-quotients for both the trials with eyes closed and eyes open conditions show that the knee and hip movements were more aVected by the support surface than the shoulder and head movements. In particular, with eyes closed, the knee movements above 0.1 Hz were changed proportionally more than the shoulder and head movements when passing from a Wrm to a foam surface (P < 0.01). Similarly, the hip movements above 0.1 Hz were changed proportionally more than the head movements (P < 0.01).
When passing from a Wrm to a foam surface with eyes open, the total knee movements and the knee movements above 0.1 Hz were changed proportionally more than the shoulder and head movements (P < 0.01). In turn, the hip movements above 0.1 Hz were changed proportionally more than the shoulder and head movements (P < 0.01).
Force platform recordings Figure 3 shows that the largest anteroposterior torque variations were obtained while the subjects stood on foam. The foam surface signiWcantly increased the torque in all three spectral categories (total torque, torque < 0.1 Hz and >0.1 Hz. The total torque variance was larger while standing on foam than on a Wrm support both with eyes open and eyes closed (P < 0.001). However, when passing from a Wrm to a foam surface, the total torque variance increased by 177% with eyes open and by 234% with eyes closed. The variance of torque below 0.1 Hz largely reXected the trend of the total variance. However, the diVerences between the foam and Wrm support was less pronounced while standing with eyes closed (increase by 165%, P < 0.05) than while standing with eyes open (increase by 178%, P < 0.001).
Similar to the body movements, the variance of torque above 0.1 Hz was larger when standing on foam than on the Wrm support, both with eyes closed and eyes open (P < 0.001). Increase was 338% with eyes closed and 230% with eyes open).
Visual inXuence on torque values
Vision had a signiWcant inXuence on both the variance of total torque and variance of torque above 0.1 Hz. Vision reduced the variance of total torque while standing on foam by 35% (P < 0.01) (see Fig. 4 ). Vision reduced the variance of torque above 0.1 Hz as well, by 60% (P < 0.001) on the foam support and by 47% (P < 0.01) on the Wrm surface.
GLM multivariate ANOVA analysis of torque values
The GLM statistical test conWrms that the support surface had a signiWcant eVect on the torque variance within all spectral categories (P < 0.001) (see Table 3 ). The torque variance was signiWcantly larger while standing on foam than on a Wrm support. Moreover, vision had a signiWcant inXuence in reducing the torque values above 0.1 Hz EMG activity Figure 4 shows that the gastrocnemius EMG activity increased when passing from a Wrm to a foam support. The increase was 45% when eyes were closed (P < 0.01) and 52% when eyes were open (P < 0.001).
The EMG activity in the tibialis anterior also increased by 94% when eyes were closed (P < 0.001), while no signiWcant change was observed when eyes were open.
Visual inXuence on EMG activation
Vision had no signiWcant inXuence on the gastrocnemius EMG activity while standing on the foam surface or while standing on the Wrm surface. Instead, vision reduced the tibialis anterior EMG activity by 30% while standing on foam (P < 0.001).
GLM multivariate ANOVA analysis of EMG activity
The EMG activity both in the gastrocnemius and tibialis anterior muscles was signiWcantly larger while standing on foam than while standing on the Wrm surface (P = 0.002) (see Table 4 ). However, no signiWcant eVect of vision or combined eVects of vision and support surface condition were detected by the statistical analysis.
Discussion
The destabilizing eVect of standing on a compliant surface, such as foam, is well known. However, using simultaneous recording of movement from multiple articulation points, force platform recordings and EMG activity, we can get a better understanding of the strategies employed by the body to maintain postural stability.
EVect of foam support surface on body movements and torque activity
The compliant foam support surface substantially increased the requirements of muscle activity, torques and changed the evoked body movement pattern at all measured sites. These responses were more prominent with eyes closed, as evidenced by the signiWcant increase of fast body movements and torques above 0.1 Hz. Movements and torques below 0.1 Hz were to a lesser extent increased by the foam than the high frequency movements and high frequency torques. Another Wnding was that the complaint foam support surface increased the movements of the lower body segments, e.g., the knee and hip movements proportionally more than shoulder and head movements (see Table 2 ). These observations are in line with several previous reports showing that changed sensory information from vision and proprioception can have a major eVect on postural control and the multi-segmented body movements (Kavounoudias et al. 1999; Perry et al. 2000; Kavounoudias et al. 2001; Blackburn et al. 2003; Vuillerme et al. 2005 ).
EVect of foam support surface on the multi-segmented body movement pattern
The support surface had a clear eVect on the multi-segmented movement pattern, as illustrated by marked diVerences between the body movements recorded while standing on foam and Wrm surfaces with eyes open or eyes closed (see Table 2 ). While standing on a Wrm surface, vision reduced the movement at all segments proportionally the same. However, while standing on foam, vision signiWcantly reduced head movements proportionally more than knee movements. We found that, in general, standing on foam increased knee and hip movements proportionally more than shoulder and head movements, both with eyes open and eyes closed. These Wndings suggest that the shift in the standing movement pattern recorded on foam diVers from the common ankle and hip strategy.
Several studies that have used a foam support surface show that trunk movements increase signiWcantly in patients with balance deWcits (Gill et al. 2001; Allum et al. 2002; Blackburn et al. 2003) . Our study, showing that healthy subjects also increased their hip and shoulder Wndings also show that the changes in knee movements, due to the diVerent test conditions, were signiWcantly larger than those in the hip and shoulder. Thus, increased trunk sway while standing on foam may not necessarily be a sign of balance deWcits. Having uncovered that challenging postural control using the foam support may not only increase the amplitude of body movement but also changes the standing multi-segmented movement pattern. Our study will help in distinguishing pathological responses to artiWcial balance perturbation from those that can be expected also from healthy subjects.
EVect of foam support surface and vision
The contribution of vision to postural control is well known (Edwards 1946) . However, Paulus et al. 1984) found that visual stabilization decreases with increasing distances to steady visual targets. In this study, we observed that vision only signiWcantly reduced the body movements and EMG activity while standing on foam, which concurs with Wndings in other foam studies (Brandt 1991; Gill et al. 2001; Allum et al. 2002; Blackburn et al. 2003) This supports previous studies showing that unreliable information from the somatosensory receptors increases the reliance on visual and/or vestibular inputs in postural control (Brandt 1991; Rosengren et al. 2007 ). Moreover, spectral separation analysis showed that vision reduced body movements above 0.1 Hz at all recorded sites while it did not aVect the body movements below 0.1 Hz, regardless of position. This Wnding suggests that some of the increased fast movements while standing on foam with eyes closed can be quickly captured and prevented with eyes open. The recorded torque showed the same pattern as the recorded body movements, in that torques above 0.1 Hz were signiWcantly reduced by vision, especially while standing on foam (while standing on the Wrm surface, the reduction in movement did not reach Bonferroni corrected signiWcant level of P < 0.01). Nonetheless, the stability increase induced by visual information could not fully compensate for the conditional changes imposed by standing on foam which concurs with other reports (Brandt 1991) . Of note, there was no statistical evidence that altered support surface conditions and vision had a combined eVect on the recorded results, in any of the conditions examined, suggesting that these two factors may act independently on postural control. In contrast, Blackburn et al. (2003) found a signiWcant interaction of these two factors when analyzing the angular movement of the hip and trunk, so further research is required to investigate the role of vision in postural control.
EVect of foam support surface and EMG responses
One important result in this study was the demonstration of a clear relationship between multi-segmented body movements and tibialis anterior and gastrocnemius muscle activity. Both tibialis anterior and gastrocnemius muscles have important roles in postural control (Loram et al. 2004 ). Similar to body movements and torques, EMG activity in the tibialis anterior increased signiWcantly while standing on foam, more consistently when the subjects had their eyes closed. EMG activity in the gastrocnemius muscles also increased on foam, but was unaVected by vision. Since vision reduced, in parallel, both the EMG in the tibialis anterior and the high frequency body movements and torques, while EMG in the gastrocnemius and low frequency torques were unaVected, it may be suggested that the tibialis anterior muscles might have an important role for initiating fast corrective movements whereas the gastrocnemius muscles may be associated with the smooth corrective changes. This observation partly coincides with results by Loram et al. (2005) , showing that changes in the gastrocnemius EMG activity only partially correspond to the observed movements of the body center of mass (CoM). However, further research is needed to investigate the respective roles of the tibialis anterior and gastrocnemius muscles in human postural control.
Analysis methods
Our study indicates that spectral separation might be a valuable tool for assessing the contribution of vision in postural control. Notably, the eVect of vision on body movements and torque activity found in this study would not have been detected in the statistical GLM analysis without spectral separation (see Table 1 , 3). We therefore recommend the use of spectral separation in future studies of body movements and posturographic recordings.
Standing multi-segmented movement patterns can be assessed and quantiWed in several ways, and one common method is to measure the movement at each joint Nonaka et al. 2002; Gage et al. 2004) . In this study, we have analyzed the linear movement patterns and described the diVerences between trial conditions using quotients. The position markers were attached to the subjects in close correspondence to the body segments to resemble the position of the body's major joints although this circumstance is not necessary with this analysis approach. It is only essential that the number of markers and the placement of these markers attain suYcient "spatial sampling" of the body movements to conclusively determine the linear movements of the main body segments. Despite the simplicity of the assessment method, clear diVerences in the linear movement pattern caused by the diVerent surfaces were found in healthy subjects. Hence, the presented assessment and analysis method might be an alternative for those who do not have access to advanced measurement equipment.
